Aging is associated with decreased mitochondrial content and function in skeletal muscle, possibly due to compromised biogenesis and autophagic removal of dysfunctional mitochondria. The aim of this study was to compare markers of mitochondrial content and biogenesis and of autophagy between skeletal muscle from young and aged American Quarter Horses. Citrate synthase protein and mtDNA copy number were decreased in triceps brachii (TB) muscle (P < 0.05) from aged horses, suggesting an age-related decline in mitochondrial content. Concomitantly, mRNA expression of PGC-1α and TFAM, regulators of mitochondrial biogenesis, was lower in aged compared to young TB (P < 0.05). Expression of autophagy markers suggested an age-associated decline of autophagy. The autophagosomal cargo protein SQSTM/p62 accumulated with age in both muscles (P < 0.05). Expression of Autophagy-related protein Atg5 (P < 0.05) and the autophagosome-bound form of Microtubule-associated protein light chain 3 (LC3-II; P < 0.05) were lower in aged compared to young TB. While LC3 transcript level was elevated in aged compared to young GM (P < 0.001), protein expression of LC3-II was unaffected. Gene expression of Lysosomal Membrane-Associated Protein 2 (LAMP2) was not affected by age in either muscle. However, LAMP2 protein expression declined with age (P < 0.05), suggesting a decline in autophagosome-lysosome fusion. Taken together, our data indicate that equine skeletal muscle mitochondrial content and biogenesis were impaired with age. Further, autophagosome formation and lysosomal degradation were negatively affected in aged TB and GM, respectively. Future research needs to explore whether interventions targeting these cellular processes can prolong health and performance of aging American Quarter Horses.
Introduction
Mitochondria serve as the combustion engines of life, providing the ATP necessary for skeletal muscle contraction. They do so through oxidative phosphorylation (OXPHOS), in which ATP and CO 2 are produced at the expense of nutrient substrates and molecular O 2 . Given the mitochondria's role in energetic support of locomotion, proper maintenance of a healthy mitochondrial population is critical to ensure efficient energy supply. In human and rodent models, extensive investigation has revealed changes in mitochondrial content and function in a variety of disease models. For example, data collected in old individuals suggest that reduced skeletal muscle mitochondrial content and quality is associated with aging (Hepple, 2014; Picard et al., 2010; Short et al., 2005) .
The total mitochondrial content of a cell is tightly regulated by two opposing cellular processes, mitochondrial biogenesis and mitochondria-selective autophagy (mitophagy) (Mishra and Chan, 2016; Wai and Langer, 2016) . Mitochondrial biogenesis, the creation of new mitochondria, is responsible for replenishment of new functional mitochondria. On the other hand, mitophagy, one of the key mitochondrial quality control mechanisms, sequesters and degrades dysfunctional or aged mitochondria to maintain a healthy mitochondrial population. Thus, the balance between mitochondrial renewal and elimination of damaged mitochondria is essential for maintaining a certain level of healthy mitochondria to meet energy demands (reviewed by Palikaras et al., 2015) . It is not surprising that an impaired balance between these opposing processes can result in numerous pathological conditions, as well as aging, in diverse organisms ranging from yeast to mammals (Artal-Sanz and Tavernarakis, 2009; Kaeberlein, 2010; Preston et al., 2008) . Mitochondrial biogenesis is a complex process, which requires coordinated synthesis and assembly of thousands of proteins encoded by both the nuclear and mitochondrial genomes (Scarpulla, 2008b) . In addition, mitochondrial DNA (mtDNA) replication must be coordinated to meet the requirements of the new mitochondrial generation. Growing evidence demonstrates that mitochondrial content in human skeletal muscle declines gradually with https://doi.org/10.1016/j.exger.2017.11.022 Received 31 July 2017; Received in revised form 27 October 2017; Accepted 30 November 2017 advancing age (Crane et al., 2010) . Concomitantly, an age-associated impairment of mitochondrial biogenesis capacity has been reported in animal models (Fannin et al., 1999; Sugiyama et al., 1993) .
Mitophagy is a specific form of autophagy that selectively degrades dysfunctional mitochondria. The mitochondria are sequestered by a unique double-membrane organelle, called autophagosome, and targeted to be degraded in the lysosomes (Ding and Yin, 2012) . Accumulating evidence shows that a decline in autophagy is associated with age, and that increased autophagy delays aging in lab animals (Schiavi et al., 1810; Wu et al., 2013) . In humans, an age-related decline in mitophagy was observed (Cavallini et al., 2007) and associated with an accumulation of damaged mitochondria (Masiero and Sandri, 2010) . Given that mitochondria are increasingly damaged during the aging process (reviewed by Shigenaga et al., 1994) , decreased mitophagic activity might further exacerbate dysfunction of the mitochondrial population as a whole in older individuals. Hence, decreased mitophagy likely contributes to the decline in mitochondrial quality and function that contributes to the aging phenotype.
Previously we have shown that mitochondrial content and function decreased gradually with advanced age in skeletal muscle from American Quarter Horses (Li et al., 2016) . However, it is not completely understood what regulates mitochondrial content and function in the equine. One underlying cause for the age-associated decrement of mitochondrial density and function could be an impaired balance between mitochondrial biogenesis and autophagy in muscle from aged horses. Therefore, the purpose of the current study was to explore potential mechanisms that contribute to the age-associated decline in mitochondrial content and quality in equine skeletal muscle by examining the factors involved in mitochondrial biogenesis and autophagy. Because of their distinct locomotor functions and metabolic properties, we compared gluteus medius (GM) and triceps brachii (TB) muscles from young and aged American Quarter Horses (Li et al., 2016) . We hypothesized that different muscles respond differently to aging, and that the distinct response is due to differences in the activation of mitochondrial content control mechanisms. A better understanding of the cellular and molecular mechanisms responsible for the maintenance of a healthy mitochondrial population in equine skeletal muscle is a prerequisite to design interventions to prolong health and performance of aging horses.
Materials and methods

Animals
Healthy young (1.8 ± 0.1 years old, 14 fillies and 10 geldings) and aged (17-25 years old, 11 mares and 1 gelding) American Quarter Horses owned by the University of Florida were enrolled in this study. None of the horses had received forced exercise 6 months prior to the study. The Henneke body condition score (BCS) system (Henneke et al., 1983 ) with a scale ranging from 1 (emaciated) to 9 (extremely obese) was used to estimate the horse body condition score of the horses enrolled in the study. The BCS was 5.00 for the young group and 5.80 ± 0.25 for the aged group (P < 0.001), respectively. This study was approved by the University of Florida Institute of Food and Agricultural Sciences Animal Research Committee.
Muscle tissue sampling
Skeletal muscle microbiopsies were obtained from the gluteus medius (young: n = 24; aged: n = 12) and triceps brachii of a subset of young horses (n = 12) and of all aged horses (n = 12) under local anesthesia following the procedure described previously (Li et al., 2016) . Muscle samples were collected at a sampling depth of 5 cm, using a 14-gauge SuperCore ™ Biopsy needle (Angiotech, Gainesville, FL, USA), immediately snap-frozen in liquid nitrogen and transported to the laboratory in a dry shipper (MVE SC4/2V, CHART, Inc., Ball Ground, GA, USA), where samples were transferred to a −80°C freezer.
Analysis of mtDNA copy number
To evaluate mitochondrial content in horse skeletal muscle, the relative amount of mtDNA to nuclear DNA (nDNA) was determined using a CFX Connect real-time PCR detection system (Bio-Rad, Laboratories, Inc., Hercules, CA). Total DNA was extracted from muscle samples using Wizard® Genomic DNA purification kit (Promega Corporation, Madison, WI), according to the manufacturer's instructions. One primer pair specific for the mtDNA (NADH dehydrogenase 1, ND1) and another specific for the nuclear DNA (β-actin, ACTB), were designed using PrimerQuest (Integrated DNA Technologies, Coralville, IA). The primer sequences for the ND1 gene were: 5′-GGA TGG GCC TCA AAC TCA A-3′ (forward) and 5′-GGA GGA CTG AGA GTA GGA TGA T-3′ (reverse). The primer sequences used to amplify ACTB gene were: 5′-CTC CAT TCT GGC CTC ATT GT-3′ (forward) and 5′-AGA AGC ATT TGC GGT GGA-3′ (reverse). Another primer pair designed within the COX1 (cytochrome c oxidase subunit 1) region of the mitochondrial genome was also tested to confirm the result assessed with ND1.The primer sequences used for COX1 gene were: 5′-CAG ACC GTA ACC TGA ACA CTA C-3′ (forward) and 5′-GGG TGT CCG AAG AAT CAG AAT AG-3′ (reverse). The relative amount of ND1, COX1 and ACTB was determined for each sample from a standard curve prepared from a serial dilution of a pool of all the samples. Relative mtDNA copy number was calculated from the ratio ND1/ACTB and COX1/ACTB, which were subsequently averaged.
RNA isolation
Total RNA was isolated from~30 mg of snap-frozen muscle using RNeasy® Plus Universal Mini kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. With the DNA elimination solution included in the Kit, genomic DNA was removed from the samples. Immediately following extraction, the RNA concentration and purity were determined using a UV spectrophotometer (Synergy HT, BioTek Instruments, Winooski, VT) by measuring the absorbance at 260 (OD260) and 280 (OD280) nm. All measurements were performed in duplicate.
Analysis of mRNA expression
First-strand cDNA was synthesized with random primers using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA) according to the manufacturer's directions. Quantitative real-time PCR (qRT-PCR) analysis was performed using the CFX Connect real-time PCR detection system with a 20 μL reaction volume containing cDNA, primers, and iTaq™ Universal SYBR® Green Supermix (Bio-Rad). All samples were analyzed in duplicate simultaneously with a negative control that contained no cDNA. The data were normalized to GAPDH mRNA in each reaction, and results were expressed as a fold change in mRNA compared with expression in GM from the young horse group. Forward and reverse primer sequences are listed in Table 1 . Melting point dissociation curves generated by the instrument were used to confirm the specificity of the amplified product. The relative quantification was done using the relative standard curve method.
Analysis of protein expression by Western blot
Frozen muscle samples were cryopulverized using a BioPulverizer (BioSpec Products, Inc., Bartlesville, OK, USA) prior to protein extraction. The cryopulverized tissues were immersed 1:50 (w/v) in lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% SDS, 10% glycerol, 1 mM DTT, 0.5% sodium deoxycholic acid (Wu et al., 2009 )) supplemented with 1% Halt™ protease-phosphatase inhibitor cocktail (Fisher Scientific, Pittsburgh, PA) . After 10 bouts of 1s-long sonications (Sonic Dismembrator, model F60; Fisher Scientific), the tissue lysate was incubated for 2 h on a rotator at 4°C, followed by centrifugation at 12,000 ×g for 20 min at 4°C. The supernatant was collected and stored at − 80°C until further analysis. Protein concentration was determined with the Thermo Scientific™ Pierce™ BCA protein assay kit (Fisher Scientific) . Samples were diluted with equal volume of Laemmli buffer (Bio-Rad) and heated for 10 min at 95°C. Thirty micrograms protein were loaded and resolved by Sodium dodecyl sulfate polyacrylamide gel electrophoresis using precast gels (Bio-Rad), transferred onto a Polyvinylidene fluoride membrane (PVDF; EMD Millipore, Fisher Scientific), and immunoblotted as previously described (Wohlgemuth et al., 2010) . Primary antibodies used for immunoblotting recognized p62/SQSTM1 (1:300, Sigma-Aldrich, St. Louis, MO), Atg5 (1:500, Cell Signaling Technology, Danvers, MA), citrate synthase (CS; 1:100, Santa Cruz, Dallas, TX), LC3 (1:500, Fisher Scientific), Atg7 (1:1000, Cell Signaling), and LAMP2 (1:500, Cell Signaling), and secondary antibodies were either horseradish peroxidase-or alkaline phosphatase-conjugated (Sigma-Aldrich). Finally, DuoLux chemiluminescent/fluorescent substrate for horseradish peroxidase or alkaline phosphatase (Vector Laboratories, Burlingame, CA) was applied, and the chemiluminescent signal captured with the digital imager G:Box Chemi XR5 (Syngene, Frederick, MD), and the intensity was analyzed and quantified using the manufacturer's analysis software (Gene Tools, Syngene). For LAMP2, two bands were detected within the range of predicted molecular weight for the glycoprotein (100-130 kDa), representing different levels of glycosylation (Morell et al., 2016; Frampton et al., 2012) , and the intensity of both bands were analyzed together. Protein level was expressed relative to total protein loaded, as determined via Ponceau staining (Fosang and Colbran, 2015; Thacker et al., 2016) .
Statistical analysis
Statistical analysis was performed using SigmaPlot 13.0 software (Systat Software, Inc., San Jose, CA). The normal distribution of the data was examined using the Shapiro-Wilk test. For data that did not express normal distribution, the log 10 transformation was successfully used to normalize the data. Data were analyzed using two-way analysis of variance, with factors of age (Young, Aged) and muscle type (GM, TB). Significant main effects and interactions were further tested using Holm-Sidak multiple comparison tests. Data are presented as the mean ± s.e.m., with the number of samples per group noted in the figure legends. A P-value ≤ 0.05 was considered statistically significant, and trends were considered if 0.05 < P < 0.1.
Results
Mitochondrial content was decreased in aged skeletal muscle
We have previously reported that activity of citrate synthase (CS), an enzyme of the TCA cycle located in the mitochondria, declined with age in TB but not GM muscle from the same American Quarter Horses used in this study (Li et al., 2016) . Content of citrate synthase (this study) and CS activity (our previous study (31)), determined in the same samples, were moderately, but significantly correlated (Pearson's correlation coefficient r = 0.348, P = 0.017). We show here that, consistent with enzyme activity, the TB muscle exhibited higher CS protein content than the GM muscle (main muscle effect: P = 0.007). Furthermore, compared to young muscle relative CS protein content was lower in aged TB (P = 0.048), but not in aged GM (P = 0.469; Fig. 1 ).
Mitochondrial biogenesis was impaired with age
To elucidate possible mechanisms underlying the age-related decline in TB mitochondrial content suggested by both CS activity and content, we examined mtDNA copy number, which has been associated with mitochondrial content (Larsen et al., 2012) and biogenesis (Clay Montier et al., 2009) . We determined the content of the mitochondrial DNA-encoded gene ND1, coding for NADH: ubiquinone oxidoreductase core subunit 1, as a surrogate for mtDNA copy number, and found that, consistent with CS activity and protein expression, mitochondrial DNA content, as indicated by ND1 gene content (data not shown), was~25% lower in aged TB (P = 0.040) but not in aged GM (P = 0.395) when compared to the respective muscles in young horses, suggesting an agerelated impairment of mitochondrial biogenesis in the TB muscle. In Horses. Densitometric quantification of citrate synthase (CS) protein expression in GM and TB muscle from young (white bars; n = 24 for GM; n = 12 for TB) and aged (black bars; n = 12 for GM; n = 12 for TB) horses. Young vs. aged: *P < 0.05; GM vs. TB: § § P < 0.01. Representative Western blot images are shown above the graph.
C. Li et al. Experimental Gerontology 102 (2018) 19-27 addition, mitochondrial DNA content in TB muscle was higher than that of GM muscle independent of age (main muscle effect: P = 0.011). We confirmed these results by quantifying content of another mitochondrial DNA-encoded gene, COX1 (data not shown), coding for cytochrome c oxidase subunit 1 (young TB vs. aged TB: P = 0.017; young GM vs. aged GM: P = 0.305; main muscle effect: P = 0.020). Since relative mtDNA copy numbers indicated by ND1 and COX1 gene expression were similar, the average mtDNA copy number was calculated ( Fig. 2A) . In addition, in TB muscle, CS protein content and average mtDNA copy number correlated significantly (R = 0.613; P = 0.02; Fig. 2B ), with low citrate synthase concurring with low mtDNA copy number.
To further test if any key factors that regulate mitochondrial biogenesis might be altered in aged skeletal muscle, mRNA expression of Peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α; Fig. 2C ), Nuclear Respiratory Factor 1 (NRF1; Fig. 2D ) and mitochondrial Transcription Factor A (TFAM; Fig. 2E ) was measured. Gene expression of a PGC-1α, a master regulator of mitochondrial biogenesis in mammals (Ruas et al., 2012) , was down-regulated in aged TB muscle (~− 60%, P = 0.022), but unchanged in the GM (P = 0.407). Concordantly, the transcript level of TFAM, acting downstream of PGC-1α (Wu et al., 1999) was decreased in aged TB muscle (P = 0.037), but unchanged in aged GM muscle (P = 0.534). Nuclear Respiratory Factor 1 (also acting downstream of PGC-1α (Wu et al., 1999) ) mRNA was not altered by age in either muscle (TB: P = 0.376; GM: P = 0.513). When GM and TB muscles were compared, the mRNA expression of PGC-1α, NRF1 and TFAM was consistently higher in TB compared to GM muscle (main muscle effect: P < 0.05 for all).
Transcript level of mtDNA-encoded genes was not affected by age
As mtDNA content and the expression of mitochondrial biogenesis regulators PGC-1α and TFAM were decreased with age in TB muscle, we next sought to measure the expression of mtDNA-encoded genes ND1, COX1 and COX2. Surprisingly, no age-associated changes in any of these mtDNA-encoded genes were observed in this study (P > 0.05 for all; Fig. 3A-C) . When muscles were compared, significant differences were detected between GM and TB muscle. Specially, the mRNA expression of ND1, COX1 and COX2 was higher in TB muscle than that of GM muscle (main muscle effect: P < 0.01 for all), which is consistent with activity and content of CS.
Expression of autophagy markers was impaired with age
Along with mitochondrial biogenesis pathways, selective degradation of damaged, dysfunctional mitochondria by (macro)autophagy is considered another important mechanism to regulate mitochondrial content and homeostasis. To determine whether autophagic flux was impaired with age, we examined the protein expression of nucleoporin 62 (p62, also known as sequestosome 1, SQSTM1; Fig. 4 ) in muscle samples. The autophagosome cargo protein p62 binds other proteins and "docks" them to the autophagosome membrane for subsequent engulfment by the organelle (Komatsu et al., 2007) , and is finally degraded in the autophagolysosome (Pankiv et al., 2007) . We found that protein expression of p62 was increased in both aged GM (P = 0.012) and aged TB (P = 0.026) muscle, suggesting an impairment of autophagic clearance in the aged muscles. No difference was observed Average mitochondrial DNA copy number from GM and TB muscle of young (white bars; n = 7 for GM; n = 8 for TB) and aged (black bars; n = 6 for GM; n = 6 for TB) horses was determined by quantitative real-time PCR as the average gene expression of ND1 and COX1 assessed, normalized to nuclear DNA copy number using the β-actin gene (ACTB). (B) Correlation between average mtDNA copy number and citrate synthase protein expression in TB muscle (insert: GM muscle). Each point represents an individual muscle sample from young (open symbols) and aged (closed symbols) subjects. (C), (D) and (E) Real-time PCR analysis of PGC-1α, NRF1 and TFAM mRNA levels, respectively, in GM and TB muscle from young (white bars; n = 7-8 for GM; n = 8 for TB) and aged (black bars; n = 7-8 for GM; n = 8 for TB) horses. Results are represented as the fold change compared to young-GM muscle. Young vs. aged: *P < 0.05; GM vs. TB: § P < 0.05, § § § P < 0.001.
C. Li et al. Experimental Gerontology 102 (2018) 19-27 between muscles within either young or old horses (main muscle effect: P = 0.869).
Autophagosome formation was impacted by age
Next, we investigated the possible causes of the impaired autophagic clearance by analyzing the expression of autophagy-related proteins 5 (Atg5) and 7 (Atg7), both essential for autophagosome formation (Jin and Klionsky, 2013) . Protein expression of Atg5 was reduced in aged TB (P = 0.036), and unchanged in aged GM muscle (P = 0.266; Fig. 5D ) compared to the respective young counterparts. No age-related changes were observed for Atg7 in either muscle (main age effect: P = 0.734; Fig. 5E ). When muscles were compared, TB exhibited the same protein expression of Atg5, and higher Atg7 protein expression compared to GM muscle (main muscle effect: P = 0.383 for Atg5, and P < 0.001 for Atg7). Microtubule-associated protein 1A/1B light chain 3 (hereafter referred to as LC3) is a well-characterized and commonly used autophagosome marker in mammalian cells (Jin and Klionsky, 2013) . Expression of LC3 mRNA (Fig. 5C ) and protein level of the cytosolic form of LC3 (LC3-I, Fig. 5A ) were unchanged in aged compared to young TB muscle (P > 0.05 for both), while the lipidated form of LC3 (LC3-II, Fig. 5B ), which is integrated in the autophagosomal membrane and essential for autophagosome formation, was lower (P = 0.047), further supporting the notion of impaired autophagosome formation in aged TB muscle. In the GM muscle, on the other hand, no aging effects on protein levels of LC3-I or LC3-II were observed despite an age-associated increase in the LC3 transcript level. When GM and TB muscles were compared, TB muscle expressed higher level of LC3 mRNA (main muscle effect: P < 0.001) and LC3-I (main muscle effect: P < 0.05) compared to GM muscle. Taken together, these findings suggest that the decreased autophagic clearance indicated by elevated p62 levels was at least partially due to impaired autophagosome formation.
Expression of lysosomal marker LAMP2 was decreased with age
To further examine whether impaired autophagic clearance could have been caused by defective lysosomal degradation, we determined the mRNA and protein expression level of lysosomal associated membrane protein 2 (LAMP2) using real-time qPCR and Western blot, Fig. 3 . Transcript level of mtDNA encoded genes in skeletal muscle from American Quarter Horses. Expression of ND1 (A), COX1 (B), and COX2 (C) mRNA in GM and TB muscle from young (white bars; n = 7-8 for GM; n = 8 for TB) and aged (black bars; n = 7-8 for GM; n = 7-8 for TB) horses. Results are represented as the fold change compared to young GM muscle. GM vs. TB: § § P < 0.01, § § § P < 0.001. Fig. 4 . Protein expression of p62 in skeletal muscle from young and aged American Quarter Horses. Protein level of p62 in GM and TB muscle from young (white bars; n = 24 for GM; n = 12 for TB) and aged (black bars; n = 12 for GM; n = 12 for TB) horses. Representative Western blot images are shown above the summary graph. Young vs. aged: *P < 0.05.
respectively. The protein LAMP2 is needed for efficient fusion of autophagosome and lysosome (González-Polo et al., 2005) , and thereby crucial for completion of the lysosomal-autophagic degradation process. Transcript levels of LAMP2 (Fig. 6A) did not differ between age groups in either GM (P = 0.277) or TB (P = 0.592) muscle. However LAMP2 protein content declined with age across muscles (main age effect: P = 0.036; Fig. 6B ), including a tendency to be lower in aged compared to young GM (P = 0.066), suggesting compromised , and mRNA expression of LC3 (C); and protein expression of Atg5 (D) and Atg7 (E) in GM and TB muscle from young (white bars; mRNA expression: n = 8 for GM, n = 8 for TB; protein expression: n = 22-24 for GM, n = 11-12 for TB) and aged (black bars; mRNA expression: n = 8 for GM, n = 8 for TB; protein expression: n = 12 for GM, n = 11-12 for TB) horses. (F) Representative Western blot images of Atg5, Atg7 and LC3-I and LC3-II in GM and TB muscle from young and aged horses. Young vs. aged: *P < 0.05, ***P < 0.001; GM vs. TB: § P < 0.05, § § § P < 0.001. . Gene and protein expression of LAMP2 in skeletal muscle from American Quarter Horses. (A) Expression of LAMP2 mRNA in GM and TB muscle from young (white bars; n = 8 for GM; n = 8 for TB) and aged (black bars; n = 8 for GM; n = 8 for TB) horses is represented as the fold change compared to young GM muscle. GM vs. TB: § § P < 0.01. (B) Protein expression of LAMP2 in GM and TB muscle from young (white bars; n = 22 for GM; n = 12 for TB) and aged (black bars; n = 10 for GM; n = 12 for TB) horses. Representative Western blot images are shown above the summary graph. Young vs. aged: † 0.05 < P < 0.1.
GM
C. Li et al. Experimental Gerontology 102 (2018) 19-27 autophagosome-lysosome fusion in aged muscles, likely causing decreased autophagic clearance. When muscles were compared, expression of LAMP2 in TB muscle was higher compared to GM muscle on the transcript (main muscle effect: P = 0.002), but not the protein level.
Discussion
Mitochondrial damage has been widely discussed as a major contributor to the aging process (reviewed by Sun et al., 2016) . The mitochondrial theory of aging proposes that accumulation of damage to mitochondria and mitochondrial DNA leads to progressive aging in humans and animals (Jang and Van Remmen, 2009 ). Mitochondrial biogenesis and autophagic removal of damaged mitochondria are two predominate cellular processes whose interplay preserves mitochondrial homeostasis by maintaining mitochondrial quality and content (Mishra and Chan, 2016) . Their functional decline and imbalance could be an underlying cause for cellular aging. Here, we investigated how aging affects these two opposing processes, and in conjunction regulate the mitochondrial content in two types of equine skeletal muscle. We have previously described the TB and the GM in American Quarter Horses as more oxidative and more glycolytic, respectively, based on fiber type distribution, citrate synthase activity, and capacity for mitochondrial oxidative phosphorylation. We report here that these muscles with different metabolic properties differed in their response to aging with regard to mitochondrial content. More specifically, a decline in mitochondrial content was only observed in the presumably more oxidative TB muscle, but not in the more glycolytic GM muscle. In line with decreased mitochondrial content, the decreased gene expression of transcription factors regulating the expression of mitochondrial electron transport system proteins suggests impaired mitochondrial biogenesis in aged TB muscle. The combination of age-related accumulation of the autophagy cargo protein p62 in both muscles and decrease of LC3-II, Atg5, and LAMP2 suggest compromised autophagy with age. Collectively, our results provide the first line of evidence that aging affects expression of markers of mitochondrial biogenesis and autophagy pathways in equine skeletal muscle, and that this could be one of the underlying mechanisms contributing to the observed decrease in mitochondrial content.
The decline in mitochondrial content with age has been reported in both humans and animal models (Barazzoni et al., 2000; Short et al., 2005) . We (Li et al., 2016) and others (Kim et al., 2005) have previously reported an age-associated decline in mitochondrial content in horse skeletal muscle, indicated by CS activity. In the present study, CS protein content and mtDNA copy number confirmed the changes in mitochondrial content in the TB muscle we described earlier (Li et al., 2016) . This finding is in agreement with the data reported by others, who showed an age-related decline in mtDNA copy number in skeletal muscle from humans (Short et al., 2005; Welle et al., 2003) , as well as lab animals (Hartmann et al., 2011; Sczelecki et al., 2014) . Interestingly, TB muscle appears more susceptible to the age-related impact than the GM muscle, indicated by the decrease in mitochondrial content. We observed here and previously (Li et al., 2016) that the more oxidative TB muscle contains significantly more mitochondria than that of the more glycolytic GM muscle, independent of age, indicated by CS activity, CS protein content, mtDNA copy number, and higher expression level of mitochondrial genes (ND1, COXI and COX II) compared to GM muscle. The more oxidative TB is also more likely to suffer an agerelated decline in mitochondrial content compared to the more glycolytic GM. Similarly, in rodents, CS activity (Picard et al., 2011) and mtDNA content (Pesce et al., 2005) declined with age in more oxidative, but not in more glycolytic muscles. These results suggest that the age-associated decline in mitochondrial content in skeletal muscle within an organism is not uniform. The decline in mitochondrial content appears larger, and begins at an earlier age in muscles with higher oxidative capacity (such as the TB) compared to less oxidative, mixed muscles (such as the GM) and muscles with high glycolytic capacity.
The lack of uniformity of age effects in skeletal muscle might reflect a differential use of these muscles with aging and the concomitant intracellular responses, but this context has not yet been illuminated.
Mitochondrial DNA copy number was also used as a surrogate for mtDNA replication in order to evaluate mitochondrial biogenesis in skeletal muscle from aged compared to young horses. Reduced mtDNA copy number observed in TB muscle from aged horses suggested an impairment of mitochondrial biogenesis. The transcription factor PGC-1α has been suggested as a master regulator of mitochondrial biogenesis. It associates with the transcription factor NRF-1 to subsequently induce expression of a number of metabolic proteins, including TFAM (Austin and St-Pierre, 2012) . TFAM translocates to the mitochondria and binds to mtDNA to induce mtDNA replication (Bonawitz et al., 2006) and the transcription of mtDNA-encoded genes (Fisher et al., 1987) . In accordance with our findings in the TB muscle from aged horses, recent studies have reported that protein or gene expression of PGC-1α expression was decreased in aged murine (Koltai et al., 2012; Sczelecki et al., 2014) and human skeletal muscle (Ringholm et al., 2013; Safdar et al., 2010) . The age-related decrease in PGC-1α transcript level in the TB muscle from aged horses was concurrent with a lower mRNA level of TFAM, the downstream target of the PGC-1α-NRF1 complex, which is consistent with the decline in mitochondrial content in this muscle. In contrast to the TB muscle, and consistent with mitochondrial content, the more glycolytic GM muscle displayed no age-related alterations of any of the markers of mitochondrial biogenesis assessed in this study. It needs to be pointed out, however, that the transcript level of these transcription factors is not necessarily reflective of protein level or activity, the latter of which can be affected by a variety of posttranslational modifications and interactions (FernandezMarcos and Auwerx, 2011; Hood et al., 2016; Scarpulla, 2008a) . Concomitant with this notion, we found that the three mitochondrial genes assessed, ND1, COXI, and COXII, transcriptional targets of TFAM, were not affected by the apparent age-associated dysregulation of the PGC-1α -TFAM axis of mitochondrial biogenesis in TB muscle, consistent with findings in aged rat skeletal muscle (Barazzoni et al., 2000) . A compensatory response for decreased template availability (decreased mtDNA copies), possibly consisting of modified protein level and/or activity of the PGC-1α -TFAM regulatory network, would help to explain both the mitochondrial gene expression pattern observed here and the unaltered mitochondrial respiratory capacity in the aged equine muscles reported in our previous study (Li et al., 2016) .
Autophagy, also known as cellular self-digestion, is a crucial quality control process by which cells sequester and degrade dysfunctional, damaged or aged constituents in order to maintain cellular homeostasis. Mitochondrial autophagy, known as mitophagy, is a selective type of autophagy that specifically eliminates damaged or aged mitochondria (Ding and Yin, 2012) . The impairment of mitophagy was reported to occur in a variety of tissues during normal aging (Cuervo et al., 2005; Cuervo and Dice, 1998; Donati et al., 2001; Joseph et al., 2013) . Consequently, an age-related accumulation of damaged mitochondria has been proposed (Terman, 1995) and in fact been observed in various cell types of diverse organisms (Artal-Sanz and Tavernarakis, 2009; Kaeberlein, 2010; Preston et al., 2008) . Consistent with these previous reports, we found that aging was associated with a decreased level of autophagy in both GM and TB muscles, suggested by p62 protein accumulation. The cargo protein p62 is widely used as a maker of autophagy and involved in mitochondrial aggregation and clearance (Narendra et al., 2010) , as it is recruited to mitochondria and targeted for autophagy-mediated degradation (Pankiv et al., 2007) . Under normal conditions, p62 is rapidly degraded during autophagy, and an impairment of autophagic degradation leads to its accumulation (Pankiv et al., 2007) . Therefore, we propose that the accumulation of p62 in skeletal muscle observed by our group and others (Joseph et al., 2013) indicates impaired autophagy in aged muscle cells. Given the aberrant accumulation of p62 protein in aged skeletal muscles, we further confirmed defects in the autophagic process by analyzing the expression of several autophagy-related proteins. The protein expression of Atg5, which is critical for autophagosome formation, significantly declined with age in TB muscle, but was not significantly affected in GM muscle. Both, Atg5 and Atg7 are essential in the processing of LC3. Upon induction of autophagy, cytosolic LC3-I becomes lipidated, generating the membrane-bound form LC3-II. This lipidation process depends on an ubiquitin-like conjugation process that involves an Atg12-Atg5 complex, Atg3 and Atg7, which function in concert to facilitate the covalent link of LC3 to autophagosomal precursor membranes. Immunoblot analysis showed an age-associated decrease in LC3-II level in equine TB muscle, which is consistent with some (Carnio et al., 2014; McMullen et al., 2009; Zhou et al., 2017) , but not other (Sebastián et al., 2016; Wohlgemuth et al., 2010 ) studies conducted in other species. It is noteworthy to mention that the lower level of LC3-II in the aged TB measured in our study has likely not resulted from reduced content of LC3 precursor, since neither the level of LC3 mRNA nor LC3-I protein were affected by age. We propose that aging affects LC3 mainly translationally and/or post-translationally, consequently resulting in decreased abundance of LC3-II, which in turn leads to impaired autophagosome formation and elongation. No age-related effects were observed in any markers of autophagosome formation measured in GM muscle, suggesting that the formation of autophagosomes, including LC3 lipidation, was not impacted. Overall, these data indicate that autophagosome formation was impaired in aged TB, but seemingly not in GM. We then assessed expression of LAMP2, critical for the fusion of autophagosomes with lysosomes (Tanaka et al., 2000) , to investigate whether defects of autophagy in equine skeletal muscle extend to processes downstream of autophagosome formation. While we found gene expression of LAMP2 unaltered, LAMP2 protein content decreased with age, suggesting an impairment of autophagosome-lysosome fusion, an effect that appeared more pronounced in the GM than the TB. Taken together, our data support an age-associated impairment of autophagy in equine skeletal muscle. Age had a differential effect on the autophagy markers assessed in the TB and GM muscle, but whether this difference is consistent between muscle types needs further investigation.
In summary, mitochondrial biogenesis and autophagy in equine skeletal muscle were negatively affected by aging, which possibly affected the pool of healthy mitochondria. Impairment in both mitochondrial biogenesis and autophagy was observed with age in TB muscle, and decreased mitochondrial content suggests that the effects on biogenesis exceeded those on autophagy. While we also observed age-related effects on autophagy markers in the GM muscle, neither mitochondrial content nor biogenesis was affected in this muscle. It is possible that a more severe imbalance of biogenesis and degradation will commence at a later age in this muscle compared to the TB. Our findings suggest that a targeted approach to balance mitochondrial biogenesis and degradation may prolong health and performance of aged American Quarter Horses.
